Abstract. We present a preequilibrium model for nucleons with incident energies from 7 to 200 MeV, for nuclides in the mass range A 24. This is accomplished by a new global approach for the two-component exciton model which, together with the complementary compound and direct reaction mechanisms, enables a description of continuum energy spectra over the whole outgoing energy range. We develop new forms for the internal transition rates with collision probabilities based on a recent optical-model potential. To connect with conventional semi-classical analyses, we derive from this approach a new energy-dependent form for the average square matrix element M 2 . We include surface effects and multiple preequilibrium emission up to any order. To assess the predictive power of our model, we have tested it against a complete experimental database of (n,xn), (n,xp), (p,xn), and (p,xp) spectra. In this paper we will show some examples.
INTRODUCTION
The exciton model for pre-equilibrium nuclear reactions [1] has proven to be powerful for the analysis of continuum spectra and excitation functions for projectile energies above several MeV. So far, the two-component exciton model (which treats neutrons and protons separately) has been used to analyze pre-equilibrium spectra in the tens-of-MeV range with a single excursion to about 90 MeV [2] . Good agreement with experimental spectra over a much larger energy range can be accomplished by supplying the two-component exciton model with four improvements: (a) a recently developed global optical model potential for neutrons and protons [3] for the calculation of reaction cross sections over the whole energy range; (b) a new form for the collision probabilities that determine the internal transition rates, based on the same optical model potential, and a related new parameterization for the squared matrix element M 2 for the effective residual interaction; (c) projectile as well as target-mass dependent effective well depths for the surface interaction [4, 5] ; and (d) multiple pre-equilibrium emission beyond the commonly applied second order.
THE EXCITON MODEL
For a full description of the two-component exciton model we refer to [5, 6] . Here we merely provide the reader with the basic ingredients needed to understand the role of the squared matrix element M 2 and the collision probabilities in the calculations. In the exciton model it is imagined that the incident particle in a nuclear reaction may step-by-step create more complex configurations of excited particles and holes in the compound system. The exciton model states that, at any moment during the reaction, the nuclear state is characterized by the total energy E tot of the system and the total number of proton (neutron) particles p π´νµ above and proton (neutron) holes h π´νµ below the Fermi surface. The quantities of interest in this paper are the internal transition rates to other particle-hole configurations. The internal transition rate λ · π (λ · ν ) accounts for p π , h π , p ν , and h ν scattering that leads to the creation of a new proton (neutron) particle-hole pair. The transition rate for the conversion of a proton (neutron) particle-hole pair into a neutron (proton) pair is denoted by λ 0 πν (λ 0 νπ ). The annihilation of particle-hole pairs is neglected. Preequilibrium emission of excited particles occurs in competition with these creation and conversion processes.
The internal transition rates are usually expressed in terms of particle and hole collision probabilities per unit time. We distinguish between two options in the calculation of these collision probabilities: the effective squared matrix element and the imaginary part of the optical model. A comparison of both methods will show that the high-energy behavior of the internal transition rates obtained from the imaginary part of the optical model supports the proposed new parameterization of M 2 .
Effective Squared Matrix Element
Expressing the collision probabilities in terms of a phenomenological quantity like the effective squaredmatrix element M 2 and a final-state density of the interacting particles and holes ω, has been used in many exciton model analyses. In the two-component version λ · π and λ 0 πν are for example expressed in terms of:
The collision probability λ 1p ππ´u µ denotes a proton (first subscript) particle (superscript) collision (with excitation energy u) leading to an additional proton (second subscript) particle-hole pair. Analogously, λ 1p1h πν´u µ denotes a proton (first subscript) particle-hole (superscript) collision leading to a new neutron (second subscript) particlehole pair. M 2 ππ , M 2 πν etc. are average squared-matrix elements of the residual interaction, which are assumed to depend on the total energy E tot of the whole composite nucleus only:
Our experimental database consists of a complete set of continuum emission spectra of (p,xn), (p,xp), (n,xp), and (n,xn) reactions for incident energies between 7 and 200 MeV, which on average is best described by (3) is a generalization of older parameterizations such as given in [2, 6] by Kalbach, which apply in smaller (lower) energy ranges. A conspicuous aspect of Eq. (3) is the asymptotic value at high energies, which is not present in the older approaches. At high energies, it leads to more scattering to more complex exciton states, thereby limiting the predicted emission from the first stages. Such a behavior of M 2 is suggested by two observations:
(a) phenomenological: without the asymptotic value the exciton model overestimates the high-energy tail of the spectra at incident energies above 100 MeV, (b) fundamental: this energy dependence is suggested by the optical model.
The second observation is discussed in the next paragraph.
Imaginary Optical Potential and Nucleon-Nucleon Scattering
The collision probabilities are related to the mean-free path mfp of the leading particle inside the nucleus, and thereby also to the effective nucleon-nucleon interaction σ [1] , λ
with ρ the nuclear density and v the nucleon velocity within the nucleus. The mean-free path of a particle in infinite nuclear matter may be expressed in terms of the imaginary volume part of the optical model potential W , which is a direct measure for the probability to be absorbed into the non-elastic channels. The effective nucleon-nucleon interaction is related to the imaginary volume optical-model potential as [1] :
This equality should not be taken too literally, since W is an effective measure for all reactions, and not only those that are described by simple interactions of the incident nucleon with the individual nucleons of the target nucleus. Furthermore, it is derived from scattering processes, whereasσ corresponds to the effective nucleonnucleon interaction inside nuclear matter. Nevertheless, we will show that the quantity W can be used to guide the behavior of the collision probabilities at higher excitation energies and, hence, gives a direction for the proper energy dependence of the effective squared matrix element. For the first interaction of the projectile with the nucleus, the collision probability corresponds directly to the internal transition rate: 2W n´u S´nµμ h
where W i is the volume-averaged depth of the total imaginary potential for an incident particle i with a separation energy S´iµ. This imaginary potential has been constructed by adding the volume and the surface absorption terms of the optical potential [5] . In our two-component exciton model we distinguish between neutrons and protons and, therefore, need to determine the fraction of 2W i´u S´iµµ h that describes purely the creation of a proton (or a neutron) particle-hole pair by the incident particle i. The additional factors (6) stem from the assumption that the ratio between the interaction cross sections of like and unlike nucleons inside the nucleus amounts to 1 3 [7] . In the left panel of Fig. 1 the two-component (n=1) internal transition rates are depicted as a function of E tot for protons and neutrons on 93 Nb. They are calculated with the new matrix element (3), the Kalbach matrix element parameterization (somewhat adjusted to account for the use of other state densities), and the imaginary optical potential taken from [3] . On average the highenergy dependence of the new matrix element resembles the behavior suggested by the optical model. The older parameterization deviates strongly and becomes very small at high energies. At low energies, a hump is present in the internal transition rates derived from the optical model, which originates from the surfaceabsorption contributions. Even without these contributions the imaginary part of the optical potential tends to overestimate the M 2 -result up to 150 MeV due to the inclusion of collective effects.
The first transition rates that do play a role in preequilibrium particle emission are of the order (2p1h). The internal transition rates belonging to n=3 and higher steps rely on collision probabilities of neutrons and protons in nuclear matter. We now define an effective imaginary optical potential related to nucleon-nucleon collisions in nuclear matter:
In practice this means that we adopt the energy dependence of the total imaginary optical potential but not necessarily its magnitude, since C omp is a constant that we assume to be independent of n,A,Z, and E tot . The collision probabilities are now related as follows to the effective imaginary optical potential:
Since the optical model effectively includes the finalstate density of the interacting particles, for hole scattering this state density has to be divided out and replaced by the corresponding state density. For λ 1p1h νπ we use a factor 
TALYS PRE-EQUILIBRIUM SPECTRA
The model presented in this paper is incorporated in the nuclear-reaction code TALYS [14] , which enables, together with the complementary compound and direct reaction mechanisms, the description of continuum energy spectra over the whole emission energy range. All results are obtained with the default parameter set. In general, TALYS gives a good prediction of the preequilibrium part of all the spectra. The average deviation of the model from experiment over the whole energymass range amounts to 30%. Obviously, when experimental data for a certain nucleus are available, the predictive power for the whole energy range is significantly better (through adjustment of M 2 ).
CONCLUSIONS
We have extended the applicability of the twocomponent exciton model to 200 MeV without deteriorating the well-known good description in the few-tens of MeV range. This has been accomplished by a new parameterization for the squared matrix element M 2 , Eq. (3), for the effective residual interaction that determines the internal transition rates. The functional form for M 2 has been justified with the optical model potential for the whole 7-200 MeV energy range. For emission spectra we rate the average deviation of the model from experiment over the whole energy-mass range MeV, 24 A 209) for a blind calculation at about 30%.
